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ABSTRACT

A large increase in the length of a CGG tandem, array
is associated with a number of triplet expansion
disee, Including fragile X syndrome, the most
common cause of heritable mental retardation in
humans. Expanslon results In the appearance of a
fragile site on the X chromosome in the region of the
CGG array. We show here that CGG repeats readily
form a series of barriers to DNA synthesis in vitro.
These barriers form only when the (CGG)n strand is
used as the template, are Kt-dependent, template
concentration-independent, and involve hydrogen
bonding between guanines. Chemical modificaton
experiments suggest these blocks to DNA synthesis
resul from the formation of a serles of intrastrand
tetraplexes. Anumdbeof lines ofevidnce suggestthat
both triplet expansion and chromosome fragililty are
the result of replication defects. Our data are
discussed in the Hght of such evidence.

INTRODUCTION

Large scale instability of CGG repeats is associated with the
triplet expansion mutations fragile X syndrome (1,2), the most
common cause of inherited mental retardation in humans, FraxE
mental retardation (3) and a mutation at FraxF (4). The instability
of these repeats is related to the number of uninterrupted CGGs
(5) and expansion results in the appearance ofa fragile site at that
locus. Fragile sites, visible as poorly staining regions or gaps in
chromatin, are most prominent when the cells are starved for the
precursors ofDNA synthesis. These sites are prone to breakage
and illegitimate recombination (6). At least one autosomal fragile
site is also associated with a large CGG tract (7). It has been
suggested that both triplet expansion (8) and expression of the
fragile site (9) are intrinsic properties of the (CGG), tract. As yet
no exchange of flanking markers has been seen that would
support a recombination-based mechanism for triplet expansion;
however, the fact that bothpoint mutations and the gain or loss of
repeat units occur predominantly at the 3'-end of the CGG tract
(8) suggests that triplet expansion may result from a replication
defect.

In this paper we show ihat CGG trcts are inherently capable of
forming a set of banriers to DNA synthesis in vitro. Our structural
data suggest that the barriers are a series of K+-dependent
tetrahelical DNA stuctres that form readily under physiological
conditions. The potential ramifications of these blocks to DNA
synthesis are discussed.

MATERIALS AND METHODS

Oligonucleotides
Oligomers were synthesized on an ABI Model 381A oligo-
nucleotide synthesizer. 5'-Dimethoxytrityl-N2-dimethylamino-
methylidene-7-deaza-2'-deoxyguanosine, 3'-[(2-cyanoethyl)-
(N,N-diisopropyl)]phosphoramidite was used to synthesize
ohigonucleotides containing 7-deazaguanine (Glen Research).
Oligonucleotides were purifiedby denaturing gel electrophoresis,
end-labeled with T4 polynucleotide kinase and iy-32P]ATP and
purified by NENSORB column chromatography (NEN).

Template construction

M13mpl8 clones containing CGG-rich repeats were constructed
and single-stranded bacteriophage DNA purified as described
previously (10). A double-stranded PCR fragment was syn-
thesized from a supF-containing plasmid using a primer pair
whose 3'-ends are homologous to the 5'- and 3'-ends of the
Escherichia coli supF gene, respectively, Xstring4 [5'-GTAC-
GAATT(CGG)12(CGg)4CTCGAGTCAACGTAACACTTT-3'
(g = 7-deazaguanine)] and supF;Rl (5'-GATCGAAUCGTCGA-
CATGGTGGTGGGGGAA-3') (10). This PCR product was then
purified by gel electrophoresis and tested for its ability to arrest
DNA synthesis using the primer SupFR4 (5'-ATGCITT-
TACTGGCCTGCT-3') as described below.

Assay for DNA synthesis arrest sites

Primer extensions were carnied out in the presence or absence of
various cations together with either the four deoxynucleotides or
a mixture of deoxynucleotides and a single dideoxynucleotide.
The positions of the arrest sites were mapped at single nucleotide
resolution by reference to dideoxynucleotide-mediated chain
terminations or, in the case of reactions carried out without

* To whom correspondence should be addressed

"I'D 1995 Oxford University Press



Nucleic Acids Research, 1995, Vol. 23, No. 20 4203

5' flaning
region (CGG)20 tract 3' flankng

region

5'-gaattCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGctcgag-3' (template strand)
I *

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
agctc-5' (nascent strand)

_______ direction of
DNA
synthesis

Figure 1. Region of (CGG)20-containing template indicating the triplet numbering scheme used throughout this manuscript, the direction of DNA synthesis and the
sequences of part of both the 5' and 3' flanking regions (lower case).

dideoxynucleotides, to a sequencing ladder generated using the
same primer/template combination.
DNA polymerases tested include Taq DNA polymerase (Gibco-

BRL), Sequenase ', a modified T7 DNA polymerase (United
States Biochemicals Inc.), Klenow fragment of Escherichia coli
DNA polymerase I (Gibco BRL) and T4 DNA polymerase
(Boehringer-Mannheim). Reaction mixtures contained 50 mM
Tris-HCl, pH 9.3, and 2.5 mM MgCl2, 13 fmol template, 0.4
pmol 32P-end-labeled primer, 1 U polymerase and either 100jM
all four dNTPs for primer extensions or 5 jM dNTPs and
7-deaza-dGTP and either 8.3 jM ddGTP, 150 ,uM ddATP, 300
jM ddTTP or 100 ,uM ddCTP in the case of dideoxynucleotide-
containing reactions, in a total of 6 gl. In some reactions gene 32
protein (Pharmacia) was added to a final concentration of 160
jg/ml. The primer used for the analysis of (GCC),-containing
templates was the M13 sequencing primer (5'-CGCCAGGGTT-
TTCCCAGTCACGAC-3') and the primer used for analysis of
the (CGG),-containing templates was supFR4. Different mono-
valent cations were added to each reaction to a final concentration
of 40 mM. The reactions using Taq polymerase were then
subjected to 30 cycles of denaturation, annealing and extension
(30 s at 94°C, 30 s at 55°C and 30 s at 72°C) in a
Perkin-Elmer-Cetus PCR machine. Reactions with thermolabile
polymerases were carried out for 5 min at 37'C. Reactions were
terminated by the addition of one half volume of a stop buffer
containing 95% (v/v) formamide, 10 mM EDTA, pH 7.6, 0.1%
xylene cyanol and 0.1% bromophenol blue and the reaction
products analyzed on 5.5% sequencing gels.

Gel electrophoresis

Radiolabeled oligonucleotide at a concentration of 2.5 jM was
heated to 94°C for 5 min to eliminate any intermolecular
associations. A 20 gl aliquot was then loaded on a 10%
polyacrylamide gel containing 0.5x TBE buffer and, where
indicated, 7 M urea or 40 mM of the indicated cation. Samples
were then electrophoresed at room temperature at 10 V/cm until the
bromophenol blue had migrated 7 cm. The gels were then dried and
autoradiographed.

Chemical modification

Radiolabeled oligonucleotide at a concentration of 2.5 jM in 20 pl
of a 50 mM Tris-HCl, pH 9.0, 2 mM MgCl2 solution was heated
to 94'C for 1 min to remove any pre-existing structure. The
samples were then incubated at 37 or 55°C for 5 min in the
presence or absence of 40 mM KCl. Samples were then treated
with either 2.5% dimethylsulfate (DMS) for 1 min at room

temperature or 2% bromoacetaldehyde (BAA) for 5 min at 37°C.
BAA-treated samples were extracted twice with ether and
precipitated with 1 ml butanol. These samples were then
resuspended in 20 pl 50mM Tris-HCl, pH 9.0,2mM MgCl2 and
treated with DMS as described above. Both sets of samples were
then mixed with 20 gl 2M pyrrolidine and incubated at 90°C for
15 min. The samples were precipitated with 1 ml butanol, washed
several times with 70% ethanol and resuspended in 10 ,l buffer
containing 95% (v/v) formamide, 10 mM EDTA, pH 7.6, 0.1%
xylene cyanol and 0.1% bromophenol blue. Three microliters of
each sample were analyzed on 12% sequencing gels.

RESULTS

WhenDNA synthesis is carried out on a single-stranded template
containing a (CGG)20 tract (see Fig. 1) a series ofDNA synthesis
arrest sites is visible, either as truncated polynucleotide chains in
primer extension reactions (Fig. 2) or as non-dideoxynucleotide-
mediated chain terminated products in reactions containing
dideoxynucleotides (Fig. 3) when KCl is present in the reaction
mix. The first arrest site is seen opposite the C residue
immediately 3' of the (CGG)20 tract in the template (C*, see Fig.
1) and the other arrest sites are seen opposite successive Cs in the
template (i.e. at C20, C19, C18, etc. using the numbering scheme
illustrated in Fig. 1). The same pattern ofDNA synthesis arrest is
seen when double-stranded templates are used (data not shown).
These arrest sites constitute a significant impediment to DNA
synthesis, reducing the amount of full-length product produced
(Fig. 2). This is not likely to be due to an effect of K+ on the
polymerase itself, since polymerization is unaffected elsewhere
on the template and in templates lacking a CGG tract no
difference is seen in the amount ofhigh molecular weight material
generated in the presence and absence of K+ (10). Little if any
DNA synthesis arrest is seen in the absence of monovalent cation
or when NaCl, NH4Cl, RbCl or CsCl are used in place of KCl
(Fig. 3; unpublished observations), indicating that it is the K+
cation, rather than the Cl- anion, that is responsible for the
KCl-dependent arrest of DNA synthesis. Increasing the amount
of dNTPs in the reaction mix has no effect on the appearance of
arrest sites (results not shown).
The occurrence of these DNA arrest sites is not polymerase

specific, since they are seen with a number of different DNA
polymerases, including modified T7 DNA polymerase
(Sequenase ' ), the Klenow fragment of E.coli DNA polymerase
I, Taq polymerase, AMV reverse transcriptase and T4 DNA
polymerase (Figs 2-4; Usdin and Woodford, unpublished observa-
tions). These sites are not an artifact of heating and cooling, since
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Figure 2. Arrest of DNA synthesis by a (CGG))() tract. Primier- extenlsionI otn
singte-stranded templates containing 2)) Con1seCLtinC CGG triplets withoLut
and with (K+) 40 imiM KCI and either SeqUenase "' (A) or Kltenow poltvller-ase
(B). The primier- LIsed WaIS SLIpFR4. The reactions were carried Out ats descri-beci
in Materials and Methods. The marker- a sequenLcinoL reaction carried Out with

the salme primer on the s.arne temllpltate in thc absenc of K+. The positions ot'
the DNA synthesis arrest sites on the template sequence are indicated with
letter C and a subscript numiieral. The letter itdentifies the base opposite which
DNA synthesis is stopped. The nlulmiiber Itdentities in which CGG-r-epeat this
base is located. Numbering of repeats he"ins it the 5' iimost repeat oni the
template. with 20 beint the 3' imiost repeat in the (CG(G))() traLct. The temiipalLte
contains an additional C residuLe in thle tianlkin seqLenlvce immcdliatet
f0llowing the 2t)th repeat. This C is dtesigtated hb an atsterisk (C

they are also seen when the temnplates are incubated at 370C
before addition of KCI. Neither the use of gene 32 protein nor the
full T4 DNA primase-helicase replicaition complex eliminlated
these arrest sites (Nossal and Usdini, unpublished observations).
Arrest ofDNA synthesis is unlikely to be due to sequence context,
since the same sites are seen with (CGG)2o tracts cloned in

different orientations and into different vectors, nor are they
related to their distance from the priming site, since the same sites

are a1lso observed when a pri-imer located 1 24 ba.ses f'teirllcl- 3' on
the temnplate is useCd (data Ilot shown). DNA Synthesis arrest Sites
ar1e not visible when the conipleilei]tarvstranid is used as a
temilplate (Fig 3B) and clones cntainill( trUIncalted versions of the
(CGG),, tract in which it = 8 OF that contain fewer than 1 3
u1ninitel-rLrlpted CGG repeats show- n10 such arnest sites (Fji. 4).
indicatine2 thcat arrest of DNA synthesis is niot dLuC to Vector
sCquenCles or somI1eCaitiitfct Created att thl junction ot the vector and
the CGG triact.

TeImiplates conitaininig 20 CGG repeats show att least Cioht setts
ot discernible K+-dependent DNA aLrrest sites, depending-1 on
reaLction conditionis (Fiels 3-5). while templates containi-L 16
CGG repeats showv touL arIest sites (Fig-. 4). 1 ong1Jer exposLires do
nlot reveal aniy additional bands abhoc hlackL-rouInd. These dlat.
suggest th.at 1 3 repeats are the miniiliimL numliher- equlired to Cause
DNA synthesis aLrrest ulider these coniditionis, since the last
detectable aiTest site is found at C 14 the f'irst base 3' ot the 1 3th
triplet. This is consistenit wxith o1r tfindinge that ai template
containing (CGG) I CGC (C GG)-. i.e. a ma1.lximluimn otf 12 Ulillinter-
rupted CGGs, shows no Ks-dependent arrest sites (Fig. ).
These ar-est sites can still be seen in samples that are incuahLted

ait 75 C for 5 min befOre addition ot'fL thelriiostable polymi-erase,
indicative of their thermlal stability (Fig. 5 A template containing0
the sequence (CGG) 3AGG(CGG)(, aLlso formned barriers to DNA
synthesis at 750C (FiT. 5) anid no sionificant dit'f'erence hetwecn
these templates is seenl even after- prolonged inCubation at 85 C
(data not shown), indicating thiat, in Conltl-rst to muta.tions thatt
disrupt the (NGG),, miotif, mutationis thtit preserve this miotif are
still capable of forminc stable DNA synthesis ai-est sites. A small
amount of K+-independent pausing is seen in the middle of the
(CGG ),, tr(act at elevated temperatuIres. This we attrihbIte to a
combinatition of ,aweak K5-independent structure, per-haps a
triplex, ani problemils aissociated with the polymnerase att these
temllperaLtures.

The N7 position of some guanines is necessary for
formation of DNA synthesis arrest sites

A temilplate in which som11e guanineriesiduCS were replaced with
7-deazaeuanine w1as synthesized as descrlibed in MateriaLls Land
Methods. This template shows no K+-dependent alriest sites,
whileaI control template produced the norm.Al set of DNA arrest
sites (FFig, 6). Since the N7 of 7-deazacLIua.inil1e is ulnalble to
parlticipatc in hydrogen bonding. this result sugests thalt the
struLCtuL-e(S) causine DNA synthesis airrest coIntainl hydroLcn
hondis that involve the N7 of enanines. Since W,atsonl-CIrick base
pairs do not involve the N7 position of guallnine. presulim.ably these
are non-Watson-Crick interactions.

A (CGG)20-containing oligonucleotide forms a folded
D)NA structure that is stabilized by K+

Arrest of DNA synthesis was independienlt of template concentra-
tiOn (Ver a wide r.ag11e( anId was visible att template conicenitraztin(sls
<I iuM (data niot shown), SUggeStiVe Of atll initirastirand StlruCtrle.
Increalsed mobility of' olhionucleotides On noon-denaturino eels is
diacunostic of an intI-amnolecular StruCtule, while reduced mobility
is typical of intermoleculiar interactions. An 90iimer- containine 20
CGG repeats migrates in at mrnanner consistenit wlith its size on
denaturing gels (Fig. 7B). Howexver, in non-denaturing gels IuIn
at rooM temperature this oligonucleotide migrates faster- thatn M I,
an oligonucleotide 69 hases long wxhich does not show ainy



Nucleic Acids Research, 1995, Vol. 23, No. 20 4205

:i." .

Figure 3. Arrest of DNA synthesis is K+-specific and strand-specific. Primer extension reactions were carried out using Taq polymerase and dideoxynucleotides as
described in Materials and Methods in the presence or absence of 40 mM of the indicated monovalent cation. The bases corresponding to the DNA arrest sites are
indicated alongside the gel. (A) Analysis of CGG-containing template. (B) Analysis of the complementary GCC-containing template.

anomalous mobility relative to double-stranded DNA markers.
The anomalous mobility is not likely to be due to the flanking
sequences, since the M 1 oligonucleotide has the same flanking
sequences. The fastest mobility is seen when 40 mrM KCI is
present in the gel. The mobility of the oligonucleotide is slower
in the presence of 40 mM LiCl and is slower still without added
monovalent cation. A similar trend of mobility shift is seen with
an oligonucleotide containing the same flanking sequence by
with the CGG repeats replaced by (T2T7)4, a telomere-like
sequence known to form a very stable tetraplex (Weitzmann,
Woodford and Usdin, manuscript in preparation). Methylation of
the guanines by DMS eliminates the anomalous migration,
indicating that the anomalous mobility is due to the formation of
a structure involving hydrogen bonding at the N7 positions of
guanines (data not shown).The behavior of the (CGG)20-contain-
ing oligonucleotide during electrophoresis is consistent with an
intramolecular folded structure whose compactness or stability is
highest in KCI. No bands consistent with intermolecular
structures were seen.

The (CGG)20 oligonucleotide is protected from
modification by BAA and DMS

The (CGG)20-containing oligonucleotide was treated with BAA
and DMS. BAA alkylates adenosines at N 1 and N6 and cytosines

at N3 and N4 (1 1), positions normally involved in base pairing
interactions. Secondary modification of BAA-treated molecules
by DMS or formic acid followed by 1-elimination by pyrrolidine
results in specific base cleavage. In the case of DMS-treated
samples this cleavage is at all guanines as well as the cytosines that
reacted with BAA. In the case of formic acid cleavage occurs at all
purines as well as at BAA-reactive cytosines. BAA-dependent
cleavage is thus diagnostic for cytosines that are unpaired. DMS
reacts specifically with the N7 position of guanines on unmodified
DNA and DMS protection is thus diagnostic of guanine hydrogen
bonding arrangements that involve the N7 position.
Of all the cytosines in the CGG-tract only C 11 was reactive

with BAA, irrespective of whether secondary modification was
carried out with DMS (Fig. 8) or formic acid (data not shown).
The same pattern of BAA reactivity was seen both in the
presence and absence of K+ and no cleavage at cytosines is
visible without BAA treatment (see DMS reactions in Fig. 8).
Our data thus indicate that, with the exception of C I1, which is
unpaired in both the presence and absence of K+, the cytosines are
protected from BAA modification. When the oligonucleotide was
treated with DMS in the presence of K+, the guanine residues are
protected from methylation, showing significantly less cleavage
than the no K+ control (Fig. 8). The DMS protection in the
presence of K+ indicates that the N7 position of each guanine in
this tract is involved in a K+-dependent hydrogen bonded
structure. The almost complete protection from DMS modifica-

:.....
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Figure 4. DNA arrest is dIependent oil the nILIuImIr- of ulnlilitenruptedi NGG
triplets. MaIrker-, seqUlecingt lader of 3CG(i ousing sLIpFR4 primerCF.
Contiol. pnimei exteinsion reaiction on the NI 3f(i(; ), tetplate iln the bhsenice
of KCI. DNA synthesis hy T'lq poillsl-trse ill the presetnce ofI dlicleo dX[l.
and 40 itoM KCI on various (CGG),, teijplattes. wkhcrce = 8 2(). From letet to
right. M l 3(CGG )()0 M 3 CGG II.1il3(1 GG)I C(iCGCCGCi nd
M 33(CGG)8. StIpFR4 WasLised as thetic ttrer in ill ie-actions.

tion indicates that this structure inv ol1Ves fMinanine tetrads in wlhich
the guanines all act as N7 donor,s.

DISCUSSION

Templates containing a number of CGG repeats t'orm a set otf
K+-dependent barriers to DNA synthesis Mt Oitro. These blocks to
DNA synthesis are seen only wvhen the CGG-rich strand serves as

the template and are located at the 3'-end of the C'GG tract. The
fact that these barriers to DNA synthesis are located at this end
rules out a triplex-like structure t'ormi-ed between the template and

the nascent strand, since in these structures arrest ot' DNA
synthesis occurs in the middle of the G-rich tract ( 1 2). Since these
barriers are seen in the absence ot' the complemrentary strald. thev
are not due to interstrand triplex formationi betweell the CGG-rich
strand and its complement. The tetrtplate concentration indepeni-
dence, together with the absence ot' slowly miTrating species in

gels of oligonucleotides containing CGG repeats. suggest thlat
they are not the result of intermolecular interactions.
The fact that the migration of CGG traicts in non-denitUring

gels is faster than predicted froim its molecuilar weight. particulaLr-
ly when KCI is present, together with the observ!ation thalt this
anomalous migration is elimiiinaLted when Tuallines in the
oligonucleotide are methylated by DMS. indicates that the CGG
tract forms a K+-stabilized intrastranid structure that involves the
N7 position of at least some cguaIllines. 7-Deazaguainine Sitbstitu-
tion experiments confirim that atrrest of' DNA synthesis reqtiires
the availability of the N7 poSition of gRiuatine. rulinl out ai halirpinl
containing only G-C base pairs ( 1 3), sinice in ai (-C pair N7 of

Figure 5 The hble-'rs to D)NA pots tictmsr tI K dtcr ia ti IIti i

CIC\ Atrd tciCiiptICtiiiC. Prillci \t.lsluil iq l\llctZ 1 th
\1 Ci(,( W 1 anld N I (I( _- \( if , 1( ( I N' 1 Ict ilitita s tt i
tCitlpct tufLtCs in the abtsence an-d pi sr ni t 4f() NI K(M hr ttttpcpttres swnci
ittuhaited it UkC 3ff S atlltd t dtlCC iIih d it fir idIrid ltCi tClrtp iCFtuir,C
tor nnlilll (oaddlitionofdthelpi)fth s mci i r I, C\tirlnsionl \X.sils rnd1()II
a1t this sIllr tetIpe)zlltuIre. [I mcllal-kci1ik ! s'e( niL'C i L'n lddrl(I( of thrc
NI 3 (G(( tc mIlplta proLIced in thc pi cTcc (f 4ff mi NI K( T

' ts nOtisno olnedit h ro(dIOoChOnbndtnL. Sice blockino of
jLlst tout1- of thle 3i ( 1' .5' gIuLiniIeCs in tIlh seqCLecICe (CGG)f(, is
suffiCienlt to aholish the arrest sites. it is Ltnliklkcl thait the hlock to
DNA svnthesis is due to a hairpin contaitiniL only G-G hbase palirs
01or IaniXttLre ot (G-C land G-G hase pairs. In SLuIC StruLCtuilrS 0111n
50) and 33( of' thel gLIanineCS. respectivclk. ouLld have to he N7
dlonors.
The specific ieqiremict for K' is dittiCLIlt toI rationallirZe in

terimls of ai slimple halirpin. Not onix! d1o the hbilnlilln colnstanits of
alkali metal ions to the phosph.ate g^roups in DNA decr-eaise
slihhtl1 with increasing metal ion rairt(ls. huIt neither- (-C hairpins
nor G-G hali-pins arie K+-dcpetidcnt (Wecitzmann. WOodlord and
L'sdlisld lailuLscr-ipt in pr-Clpal-ation). ( )n thec other hand, the K+
specificity Of these arrest sites is reminiscent Ot the ionic
requiLrmCIenCIts ofA tctraplexcs. 1The ion specififcity of tetr-aplcxcs is
thought to he relaited to the size of' the cavlit Created by a series
of consecutiVCe MIZnine tetratls. The ionic radius of K+ is such that
it is bothl sImllII CIeouLh to f'it inisidi the cavity and lalrg CnIoLugh to
bc able to foiirim an octAlhedicral coordination cotmplex with the 06
oxygen atoms in adjacent tetras. thlIs stabilizing the tetraplex
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Figure 6. The N7 position of guanines is required for formation of the block to
DNA synthesis. A PCR fragment containing a (CGG) 16 tract in which the N7
positions of a guanine in four adjacent triplets at the 3'-end were blocked was
synthesized by PCR using a oligonucleotide containing four 7-deazaguanine
residues as described in Materials and Methods. A template synthesized using
an unsubstituted oligonucleotide was synthesized and purified in parallel. The
control fragments containing no 7-deazaguanine and the 7-deazaguanine-sub-
stituted fragments were then used as templates for DNA synthesis by Taq
polymerase in the presence of KCI as described in Materials and Methods.

(14). The most parsimonious explanation of the sequence
requirements of the arrest sites, their intrastrand nature, the
requirement for the N7 position of guanines and the K+ ion
specificity is the formation of some sort of intrastrand tetrahelical
structure.
This is consistent with our chemical modification data. In both

the presence and absence of K+ the 11th cytosine in the (CGG)20
tract is strongly reactive with BAA, a reagent specific for
unpaired cytosines (and adenines), while the other cytosines are
either unreactive or poorly reactive. This suggests that most of the
cytosines in the CGG tract are involved in hydrogen bonding or
are otherwise protected from BAA modification, both in the
presence and absence of K+. In the absence of K+ an almost
uniform strong reactivity of the CGG tract is seen to DMS, a
reagent specific for the N7 position of guanines. However, in the
presence of K+ most of the guanines in the CGG tract are almost
completely protected from methylation by DMS. The position of
the BAA-reactive cytosine in the middle of this tract seen in the
absence of K+ would be consistent with its position in the central
loop of a hairpin; the lack of reactivity of the remaining cytosines
indicates that they are hydrogen bonded. This structure may
account for the trace amount of premature chain termination
sometimes seen in the absence of added monovalent cation.

In the presence of K+ a transition occurs to a structure in which
the guanines are almost completely protected from DMS
modification. This strong protection is diagnostic of a tetraplex
structure. The BAA protection of the cytosines seen without K+
is preserved. The unpaired cytosine in the 1 1th triplet could be
fitted into the central loop of the tetraplex, while the residues that
would be located in the two flanking loops are apparently not
reactive. This lack of reactivity may be due to interactions

A

OLIGO SEQUENCE

1 5 -gtacgaatt ....... (CGG)20 ...ctcgagtcaacgtaacacttt-3'
2 5 -gtacgaatt....... (T2G7)4. ..ctcgagtcaacgtaacacttt-3'
Ml 5 -gtacgaattctaga.. (C)35 ...... tcgagtcaacgtaacacttt-3'
M2 5'-ataatgcatacgatttaggtgacactatagaataccagctgtggtggtgaagctgtagcc-3'

SIZE
(bases)

90
66
69
60

Figure 7. A (CGG)20 oligonucleotide migrates anomalously on non-denaturing gels. The (CGG)20-containing oligonucleotide was electrophoresed alongside various
marker oligonucleotides on 10% polyacrylamide gels containing 0.5x TBE buffer. (A) Sequences of the oligonucleotides tested. The labeling scheme in this panel
is the same as the labeling scheme in each of the gels shown in (B). Ml and M2 are marker oligonucleotides. Note that oligo 1, oligo 2 and the M1 oligonucleotide
contain the same flanking sequences. (B) Gels containing 7 M urea, no additions (-), 40 mM LiCI or 40 mM KCI as indicated. The arrowheads indicate the bands
showing variable gel mobility. Open arrowhead, the (T2G7)4-containing oligonucleotide (oligo I ); filled arrowhead, the (CGG)20-containing oligonucleotide (oligo
2). The lane labeled M contains an equimolar mixture of the M 1 and M2 oligonucleotides.
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Figure 8. Chemical modification of ( (GGi()-contailllnlm olionucleotid.. TIhe
(CGG)0-containing oln(oltiuclCotide was prepared and treated with l)DMS ad
BAA aIs described in Materi.als and Methods. The C r-esiduLIe ot each triplet in the
(CGG),() tract is labeled hased orl the nlulinherin shelcitl shown in FiuLILr-C I.

between these loops, which would be located on the same side ot
the tetrad stem.
A mixture of G-C base pair-s and G quartets or tetrads in this

structure is not likely, since almiiost utniform DMS protection of
guanines is obser-ved. A combination of hydrogen bonding
between cytosines ( 1 5) and G tetrads is consistent with the
observed chemical modificationi data. Previously detected C-C
pairs in solution involve interaction between one protonated
cytosine and one neutral one, although base pairing of unproto-
nated cytosines is also theoretically possible ( 16). Protection from
BAA modification is seen even aLt pH 9.0. when little, it any.
protonation of cytosines would he expected. and no significant
increase in DNA synthesis arrest occurs when the pH is dropped
to 6.5. While NMR experiments have demonistrated that soime
protonation of cytosines is seen at pH 8.0 ( 17). it is also possible
that the hydrogen bonding interaction involves two neutral
cytosines. Since the substitution of an A for a C in the (CGG)2(
tract does not affect DNA synthesis aurrest at hig,h pH. it seemils
likely that the contributionl to tetraLplex stabillity of paliriing betWeen

Figure 9. Models for the K+-indclepenidcnt (A and K-depcndent (B) strltctiUlCs
tol-nidc bs a (fGCGG ) () tr-act. OnIII\ teI t\o stILCtuLesItSIIst conIsistenIt With oLIu
data arle shown. Tetrads aire ndicated as gira\ pairallclogin-ms. fI ypottictical hase
nliteclLtions am11lOnl'Jst loop hases arec shownaIs dotted lities. I )ifferclit loop si/Cs.
lo(p ol-ientations and tctr-adluLlimiher-s arie psossiblc f0i- the tcti-aplex.

cytosines is small. Other explanations. such as inaccessibility of the
cytosines to BAA, could perhaps he invoked in the case ol the
tetraplex, but are hard to raltionalize in the catse of the hairpill.
A model for the structur-es seen in the pr-esenlce anid absenlce of

K+ is shown in Figure 9. Only one of the possible K5-dependenit
structures that can be formiied by a (CC,), tract is shown. Siince
at number of stops of similar strength are seenl for this sequlence
in the presence of K+. presumably a numLbIerl- of ditfer-ent structurles
of similar stability can form. These structures mlay vary in the
number of bases in the different loops. the orientation of the loops
and in the nulLnber- of CGG triplets involved. The pr-ecise
relationship between the K+-indeperndent structure and the
K+-dependent ones is not known at this tlime. Given some
stmilarities between the two structures, it is tempting to speculate
that the K+-independent structure represents a folding intel-rmiedi-
ate in the pathway of formation of the K+-dependent tetraplex. but
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such conclusions await a more careful kinetic analysis of the
folding reaction.
While this work was in progress it was reported that oligo-

nucleotides containing seven or more CGG triplets could form
stable intermolecular structures, presumably tetraplexes, since
the stochiometry of the structure was tetramolecular and the
guanines were protected from DMS modification (18). It was
suggested that longer sequences could form intramolecular
tetrahelical structures. The data presented here are consistent with
this idea. Tetraplex formation by the CGG-containing strand
provides a rationale for the strand-specific nature of the arrest
sites. The complementary strand is much less G-rich and
therefore is unable to form the same type of structure and thus
does not block DNA synthesis in the same way.
There is both direct and indirect evidence for tetraplex

formation in vilvo (19,20). We would predict that tetraplex
formation would occur rapidly any time the CGG-rich strand was
unpaired. DNA replication might provide such an opportunity,
since large regions of the genome may be single-stranded at this
time (21). Factors such as the rate of replication, the presence of
binding proteins that sequester the complementary strand, and
whether the CGG tract is on the lagging versus the leading strand
of DNA synthesis may all affect the chances of tetraplex
formation and therefore DNA synthesis arrest. It is possible that
these factors vary with the developmental stage and may only be
observed in vivo at specific times or in specific cell types.
These structures may promote triplet expansion by preventing

progression of the polymerase during DNA replication, thus
favoring repeated strand slippage, or by stabilizing the strand
slippage intermediate. It is possible that the blocks to DNA
synthesis provided by such structures may also account for
chromosome fragility, since delayed replication, which would be
associated with the formation of such structures, could account
for the appearance of the chromatin at the fragile site. Structures
such as these are likely to be stabilized by methylation of
cytosines (15). This could explain why 5-azacytidine, an inhibitor
of DNA methyltransferase, reduces fragile site expression (22),
while methionine, a precursor of the methyl donor in this reaction,
S-adenosylmethionine, induces expression (23).
The number of repeats necessary to form a barrier to DNA

synthesis is within the normal range for the fragile X locus and is
not generally associated with triplet expansion. However, recent
evidence suggests that even alleles with repeat numbers in the
normal range may occasionally give rise to alleles that show a
large increase in repeat number (24). It is also possible that it? vlilo
more repeats are necessary for structure formation or that
repeated strand slippage at successive arrest sites is required. In
addition, at least with respect to chromosome fragility, there is a
continuum of expression of the fragile site that ranges from very

low levels in normal individuals to high levels of expression in
affected individuals (25).

Alleles containing more than 24 uninterrupted CGGs (8) are
over-represented in fragile X chromosomes and alleles contain-
ing two or more AGG interruptions are rarely if ever found in
fragile X chromosomes (5). While our data suggest that the
contribution of cytosines to the overall structure is small, it is
possible that in v,iv,o the contribution of cytosines to tetraplex
stability is more important, particularly if the structure formed by
the pure CGG tract is only marginally stable.
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